Objective: To illustrate the use and potential efficiency of the co-twin control design for testing behavioral economic theories of child nutrition. Design: Co-twin control design, in which participating twins ate an ad libitum lunch on two laboratory visits. At visit 1, child food choices were not reinforced. On visit 2, twins were randomized to conditions such that one twin was reinforced for each fruit and vegetable serving consumed during lunch ('contingent') while his co-twin was reinforced irrespective of food intake ('non-contingent'). Subjects: Six male twins, 5 years old, from three monozygotic twin pairs. Measurements: Ad libitum intake of total energy (kcals), fat (kcals), and fruits and vegetables (servings) from the protocol test meals on the two visits. Results: Compared to twins receiving non-contingent reinforcement, twins receiving contingent reinforcement increased fruit and vegetable intake by 2.0 servings, reduced fat intake 106.3 kcals, and reduced total energy intake by 112.7 kcals. The relative efficiency of the co-twin control design compared to a conventional between-groups design of unrelated children was most powerful for detecting 'substitution effects' (i.e., reduced total energy and fat intake) more so than for detecting increased fruit and vegetable intake. Conclusion: Genetically informative studies, including the co-twin control design, can provide conceptually elegant and efficient strategies for testing environmental theories of child nutrition and obesity.
Introduction
Behavioral economics theory is a framework for the study of choices among alternatives that merges operant learning, cognitive science, and economics. 1 It has been used to study eating, physical activity, and obesity, 2, 3 and has stimulated interventions for childhood obesity. 4, 5 Choice is a function in part of the alternatives that are available, as well as constraints on access to the alternatives. 6 Thus, an important aim of behavioral economics research is to understand how modifying environmental variables influences choice. For example, increasing the behavioral effort or monetary cost to obtain a reinforcer (e.g., energy-dense snacks) can reduce consumption of that reinforcer, whereas providing reinforcing alternatives can shift choices from an old behavior to the new alternative. 7 There are also individual differences in how reinforcing participants will find the alternatives to be, 8 and individual differences in whether youth will substitute one activity for another when the second activity is constrained. 9 Such individual differences may be due to environmental as well as genetic factors. 10 Methods that can determine the contribution of environmental and genetic factors to choice behavior may provide a novel approach to behavioral economic research. The co-twin control design is a strategy that can minimize individual differences between subjects that are due to genetic factors, thereby enhancing ones ability to isolate environmental effects. In this design, one monozyogtic (MZ) twin is randomized to one experimental condition whereas his or her co-MZ twin is randomized to another condition. 11 As MZ twins are matched for genotype, age, gender, and the 'shared' environment, extraneous noise can be greatly reduced.
We provide an illustration of the co-twin design to study the influence of reinforcing youth for consuming more fruits and vegetables on their consumption of fruits and vegetables as well as on fat and total energy intake. One possible effect of consuming fruits and vegetables is that they can substitute for high-fat snacks, 12 such that increasing fruit and vegetable intake would reduce fat consumption. This influence has been observed in our laboratory 12 and clinical 4 studies.
However, there are wide individual differences in fruit and vegetable preferences across youth 13, 14 and, theoretically, there should be individual differences in the extent to which increasing fruits and vegetables will substitute for fat intake. Such individual differences could necessitate large sample sizes to detect the effects of environmental manipulations on food choices. Efficient experimental strategies that can help minimize such between-child variations would be a valuable resource to behavioral economics research. This methodological note illustrates the use of co-twin design for testing the substitution phenomenon, a prominent behavioral economics concept. We test whether fruits and vegetables can substitute for high-fat snack foods in young children in a single-meal laboratory setting.
Methods

Participants
Participants were six MZ twins, from three families, who were recalled from a larger sample. 15 Children were 5 years old, all Caucasian boys. Anthropometric data are presented in Table 1 .
Design A co-twin control design was used in which one MZ twin received reinforcement for each additional fruit and vegetable serving consumed at a multi-item laboratory meal, and to control for the nonspecific effects of receiving reinforcement, his co-twin received non-contingent reinforcement that was unrelated to fruit and vegetable intake. Thus, reinforcement was 'contingent' for the first MZ twin within a pair and 'non-contingent' for his co-twin, with the assignment being randomized. The study occurred across two visits. The first visit was a baseline assessment during which participants consumed a multi-item lunch and no reinforcement (contingent or non-contingent) was provided. On the second visit, the same lunch was provided; however, one twin was reinforced contingent upon fruit and vegetable intake while his co-twin received non-contingent rewards.
Lunch and experimental manipulation Subjects came to a feeding laboratory on two occasions to eat ad libitum from a buffet lunch that included the following foods: macaroni and cheese (132 g), chicken nuggets (132 g), turkey sandwich (93.4 g), string beans (64 g), corn (79 g), apple (67 g), raisins (67 g), pear (78 g), string cheese (28 g), pretzels (50 g), potato chips (50 g), milk (510 g), and fruit punch (260 g). Twins ate in separate rooms on both visits to eliminate immediate modeling effects. Visit 1 was a 'Baseline' session during which children ate as much food as they wanted without any reinforcement of food choices. Visit 2 was a 'Treatment' session during which one twin was assigned to the Contingent Vouchers group and his co-twin was assigned to the Non-Contingent Vouchers group. Children in the Contingent Vouchers group were instructed before eating that they would receive a 'voucher' (i.e., star attached to special chart) for each fruit or vegetable serving consumed during lunch. They were told that each voucher could be exchanged for any one of a group of prizes from a reward list (Oriental Trading Co.). Children in the NonContingent Vouchers group were also shown the sample vouchers before eating and were told that they could be exchanged for prizes after lunch. However, these children were not told that they would receive vouchers contingent on food intake. Instead they were simply told that they would receive a predetermined number of vouchers while eating lunch (i.e., the number of vouchers was randomly predetermined). Thus, the only difference between the groups was the presence/absence of a contingency between fruit and vegetable intake and voucher provisions. We measured fruit and vegetable intake (servings), total energy intake (kcals), and fat intake (kcals) on each visit by pre-and postweighing foods. For each participant, we calculated change from baseline for these three parameters. Hence, the three outcome measures in this study were change scores: change in fruit and vegetable intake; change in total energy intake; and change in fat intake.
The study approved by the Institutional Review Board of St Luke's-Roosevelt Hospital.
Data analytic plan
We conducted a one-way multivariate analysis of variance (MANOVA) in which reinforcement contingency (noncontingent vs contingent) served as the independent vari- ) as an effect size, which is a ratio of the variance accounted for by the manipulation divided by the variance accounted by the manipulation plus residual variance. 16 Two planned contrasts compared the reinforcement groups specifically with respect to (1) change in fruit and vegetable intake relative to change in total energy intake, and (2) change in fruit and vegetable intake relative to change in fat intake. Finally, for each individual outcome measure, we estimated the relative efficiency (RE) of the co-twin design compared to a hypothetical between-groups design of unrelated children. Relative efficiency refers to the number of subjects one would need to recruit per group (in a between-group design of unrelated subjects) to yield the same power one would have from a single MZ twin pair. RE ¼ 5, for example, implies that an investigator would need to recruit five unrelated participants per group (or N ¼ 10 in total) for each twin pair recruited to have comparable power in the two designs. Relative efficiency was estimated as the ratio of the mean square error among twin pairs divided by the mean square error within twin pairs.
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Results
The reinforcement manipulation had a significant effect on composite changes in fruit and vegetable intake, total energy intake, and fat intake, per the MANOVA (Wilks l ¼ 40.60, P ¼ 0.03). The effect size was large, o 2 ¼ 0.98. Twins receiving contingent reinforcement increased fruit and vegetable intake and decreased total energy and fat intake compared to co-twins receiving non-contingent reinforcement (see Table 2 and Figure 1 ). Contrasts indicated that the reinforcement manipulation increased fruit and vegetable intake and decreased fat intake (P ¼ 0.06), although its effect on changes in fruit and vegetable intake relative to changes in total energy intake was not statistically significant (P ¼ 0.20). A post hoc power analysis suggested that approximately five pairs of twin would have provided sufficient power (80%) for this latter contrast to be significant. The RE estimates of the co-twin control design for the three outcomes measures were 1.0 (changes in fruit and vegetable intake), 14.3 (changes in total energy intake), and 35.1 (changes in fat intake).
Conclusion
Twin studies have played a prominent role in studies of child body composition. 18, 19 The 'classic twin design' has been Co-twin design and behavioral economics MS Faith et al used prominently to estimate the heritability of obesity phenotypes, 20 although the co-twin control design has not been used in the realm of child nutrition. This report illustrates the potential utility of the co-twin design for studies of child nutrition and food choice. By matching pairs of subjects on genotype, we found that reinforcing 5-year old boys for eating more fruits and vegetables reduced fat and total energy intake in a meal. This is consistent with other research, 4, 12 illustrating the finding in younger ages than previously studied and using a genetically informative design. Still, careful consideration should be given to the use of the co-twin design, as its RE was 1.0 for changes in fruit and vegetable intake. This result may reflect our use of a very potent manipulation for increasing single-session fruit and vegetable intake, along with the fact that all children in the non-contingent condition ate zero servings of fruits and vegetables at baseline. The stronger benefit of the co-twin control design may be for detecting the more subtle substitution effect. Studies in other domains of biomedical science have used the co-twin control design in the context of randomized clinical trials. Christian and Kang 21 provided calculations for estimating the RE of the co-twin control design, the results of which were striking. They reported that three sets of MZ twin would provide the same power as 24 unrelated individuals in a randomized trial of a lipid-lowering drug (RE ¼ 4). A trial testing the effects of vitamin C vs placebo in 160 MZ twin pairs estimated RE's of 7.4 (glucose outcomes), 5.7 (potassium outcomes), and 5.4 (sodium outcomes). There are many ways in which genetics designs, including the co-twin control design, could be extended to address important issues in eating and activity in pediatric obesity. 3 One approach to modifying the environment is to reduce access to sedentary behaviors. It would be interesting to evaluate whether youth show complementary reductions in energy intake when sedentary behaviors are reduced, while showing substitution of increased physical activity when more time is available as youth watch less television. The utility of co-twin designs extends beyond behavioral economic approaches to pediatric obesity, and can be applied to any theoretical approach that focuses on modifying the environment.
While the co-twin design traditionally has been used to control for genetic influences, there is great interest in identifying specific genes that influence energy balance, both energy intake and energy expenditure. 22 If there are sound hypotheses regarding gene-environment interactions, the co-twin design may be particularly well suited for testing whether particular genotypes interact with environmental stimuli differently. For example, we recently observed that dopamine transporter (DAT) or dopamine D2 receptor genotypes interact with the food reinforcement phenotype to influence energy intake. 10 Using a co-twin design, it would be interesting to recruit sets of MZ twin pairs that differed in either DAT or D2 receptor genotypes (i.e., twins in one set of families having one genotype whereas twins in the second set of families having a different genotype). Within each family, one twin could be randomly assigned to a behavioral intervention that reinforced fruits and vegetable intake whereas his/her co-twin received non-contingent reinforcement. This extension of the co-twin design may offer an elegant strategy to test whether the effects of environmental manipulations on food substitutions are more responsive to certain genotypes than others. It should be noted that the reinforcement procedures used in this study were designed specifically for this analog laboratory manipulation. This reinforcement procedure, by itself, clearly would not reflect a 'real world' obesity prevention strategy. On the other hand, there is evidence that a package of family-based behavioral strategies that teach parents to reinforce children's fruit and vegetable intake and to restructure the home environment accordingly can play a role in childhood obesity prevention. 4 The present report used a multivariate analysis to capitalize on the interrelated nature of the outcome variables. However, the co-twin design can be used with singleoutcome measures and analyzed using standard univariate statistics such as the t-test. A more detailed discussion of statistical analyses for this design is provided by Duffy. 11 In summary, the co-twin design can offer a useful strategy for studying behavioral economic theory, or other environmental theories of child eating, as applied to pediatric obesity. We provide an example and small-scale illustration using fruits and vegetable intake and substitution theory. Beyond the potential benefits for statistical power, the design offers a conceptually elegant framework for testing environmental factors while controlling for genotype. There is compelling evidence that children's weight status, 23 and possibly eating patterns, 24 are genetically influenced; the cotwin design capitalizes on, rather than being confounded by, those findings and can advance current interests in gene-environment interactions. Although the recruitment of twins can be challenging, the payoff in experimental efficiency and the opportunity to isolate environmental effects makes the co-twin design an additional tool in child nutrition research.
